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Abstract   
 
Residential energy consumers in the U.S. have shown increased interest in solar-based electricity at home, resulting 
in increased adoption of photovoltaic (PV) systems on residential rooftops. Empirical research has determined that 
economic factors are the dominant motivation behind consumers’ decisions to adopt rooftop PV. However, the high 
degree of uncertainty with respect to return on investment has slowed adoption rates. The factors that drive this 
uncertainty can be classified as exogenous and endogenous. Exogenous factors include market and environmental 
factors that are not under the consumers’ control, such as change in net metering policies and future electricity tariffs, 
and amount of solar irradiance. Endogenous factors involve consumer actions, such as future electricity consumption 
and moving to another residence. This paper describes an analytical framework that incorporates these factors to 
evaluate rooftop PV investment return. Monte Carlo simulations using historical datasets for a city in Iowa are used 
to explore the sensitivity of a consumer’s return on investment to different factor levels. This modeling approach can 
be used to guide consumers’ rooftop PV adoption decisions, as well as help PV system installers and policymakers to 
increase the rate of PV system adoption among consumers. 
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1. Introduction and Background 
Over the last decade, solar has emerged as a leading source of energy in distributed generation and has been the fastest 
growing energy technology globally. Residential energy consumers have also shown increased interest in solar-based 
electricity. In a survey of residential energy consumers across the U.S. in 2015, 59% claimed to be interested in using 
solar electricity at home, and 34% claimed to be “seriously considering” their solar options [1]. This increased interest 
in solar electricity among consumers is also reflected by a huge increase in PV system installations on the rooftops of 
owner-occupied residences in the U.S. over the past several years. Empirical research has identified that economic 
factors are the dominant motivation behind consumers’ decisions to adopt rooftop PV [2]. However, the rate of 
adoption of PV systems has slowed in recent years due to fewer early technology adopters remaining and a high degree 
of uncertainty around the return on investment. Rooftop PV currently provides 0.5% of all the U.S. electricity needs, 
as compared to an estimated potential of about 25% [3]. 
 
Therefore, to reach to its potential, it is important for consumers to understand the risks associated with rooftop PV 
investment to help guide their decisions. Understanding the risks would also be helpful for solar installers and 
policymakers to take necessary steps to increase consumer rooftop PV adoption. This paper classifies the factors that 
drive uncertainty in rooftop PV investment return as either exogenous or endogenous, based on a review of empirical 
studies which identify barriers to rooftop PV adoption among consumers. Exogenous factors include market and 
environmental factors that are not under the consumer’s control, such as change in net metering policies and future 
electricity tariffs, and amount of solar irradiance. Endogenous factors are consumer driven, such as future electricity 
consumption and moving to another residence. This paper develops an analytical framework that incorporates these 
factors to evaluate uncertainty in rooftop PV investment return. Monte Carlo simulations using historical datasets for 
a city in Iowa are used to explore the sensitivity of a consumer’s return on investment to different factor levels.  
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Monte Carlo method is a valuable approach for assessing long-term uncertainties in electricity markets, since it helps 
in quantifying risk and presenting it in a way that is easy for the investors to understand. For example, a Monte Carlo 
framework was developed to evaluate the uncertainty in residential PV investment return from three exogenous 
factors: inter-annual solar variability, PV technical performance and maintenance costs, and market risks [4]. A similar 
model using the Monte Carlo method was developed for residential consumers in the Swedish market to analyze the 
profitability of rooftop PV [5]. The model considered the effect of multiple exogenous factors and one endogenous 
factor (electricity consumption in the future) on rooftop PV investment return uncertainty. However, existing models 
do not offer a single analytical framework that considers the effect of multiple exogenous and endogenous factors 
together and cannot be tailored for a specific consumer’s actions. Further, there are additional factors, which 
significantly drive the uncertainty in rooftop PV investment return and have not been considered in the existing 
models. The model developed in this paper is intended to serve as a decision support tool for consumers to help them 
evaluate whether to invest in rooftop PV, based on the net present value (NPV) of the investment and its associated 
uncertainties. If the consumer decides to adopt rooftop PV system, the model can identify system attributes that will 
provide the consumer with maximum expected NPV, given the uncertainties from exogenous and endogenous factors. 
 
2. Monte Carlo Framework 
A rooftop PV system can be owned, leased, or acquired via power purchase agreement (PPA) with a solar installer, 
and it can be either grid-connected or standalone. In grid-connected models, consumers can feed electricity they do 
not use back to the grid and the consumers’ electricity bill is evaluated through a state-level net metering policy. This 
paper evaluates investment uncertainty for grid-connected rooftop PV systems that are purchased up-front by the 
consumers, considering the effect of the following exogenous (EX) and endogenous factors (EN): 
  
Amount of solar insolation (EX) – Hourly solar insolation data from 1999 through 2010 is used to evaluate uncertainty 
in electricity yield (AC) per kW (DC) of PV system in Des Moines, Iowa. Total hourly solar insolation (W/m2) on a 
tilted plane (EPOA), also known as plane-of-array (POA) irradiance, is calculated using (1) [6]. Eb, Eg, and Ed are hourly 
POA beam, ground reflected, and sky diffuse components, evaluated using (2) – (4). AOI is the angle of incidence, 
given by (5). Empirical hourly values for direct normal irradiance (DNI), global horizontal irradiance (GHI), diffuse 
horizontal irradiance (DHI), solar azimuth (θA), and solar zenith angle (θZ) were obtained from the National Solar 
Resource Database (NSRDB) at the National Renewable Energy Laboratory. Meteorological Statistical model, one of 
the models used in the generation of the NSRDB, was used to obtain hourly values for DNI, GHI, DHI, θA, and θZ. PV 
system is assumed to be facing south (θA,array = 180 degrees), and tilt angles of the surface (θT,surf) and panels (θT) are 
both assumed to be 30 degrees. Ground reflectance (albedo) is assumed to be equal to 0.25. 
𝐸𝑃𝑂𝐴 = 𝐸𝑏 + 𝐸𝑔 + 𝐼𝑑 (1) 
𝐸𝑏 = 𝐷𝑁𝐼. 𝑐𝑜𝑠(𝐴𝑂𝐼) (2) 
𝐸𝑔 = 𝐺𝐻𝐼. 𝑎𝑙𝑏𝑒𝑑𝑜.
1 − cos⁡(𝜃𝑇,𝑠𝑢𝑟𝑓)
2
 
(3) 
𝐸𝑑 = 𝐷𝐻𝐼
1 + cos⁡(𝜃𝑇)
2
 
(4) 
𝐴𝑂𝐼 = 𝑐𝑜𝑠−1[cos(𝜃𝑧) cos(𝜃𝑇) + 𝑠𝑖𝑛(𝜃𝑧) sin(𝜃𝑇) cos(𝜃𝐴 −⁡𝜃𝐴,𝑎𝑟𝑟𝑎𝑦)] (5) 
Hourly electricity yield (AC) per meter square of PV system is determined using (6). Se is the system efficiency, which 
considers losses such as soil and wiring loss (assumed to be 0.9), Ie is the inverter efficiency (assumed to be 0.97), Th 
is the hourly temperature, and C is the temperature coefficient of the modules (-0.32%). The reference operating 
temperature of the PV module is assumed to be 25° C with C% efficiency losses for every °C above it. The hourly 
temperature data (dry bulb temperature) was obtained from a 1999-2010 dataset from the National Center for 
Environmental Information. A small percentage of values were missing from the temperature dataset. In these cases, 
the temperature values from the corresponding hour of the previous day were used to impute the missing data points. 
PV module with an efficiency (r) of 18%, watt peak rating of 445W, and area of 2.47 square meters is considered for 
electrical yield (Eyield) calculations per kW DC of PV system [7]. Hourly electricity yield was aggregated to monthly, 
to develop yield distributions (per kW of DC panel) for each month from 1999 - 2010. 
𝐸𝑦𝑖𝑒𝑙𝑑 = {
𝐸𝑃𝑂𝐴𝑆𝑒𝐼𝑒𝑟(1 − (𝑇ℎ − 25)𝐶), ∀𝑇ℎ > 25
𝐸𝑃𝑂𝐴𝑆𝑒𝐼𝑒𝑟, ∀𝑇ℎ ≤ 25
 
(6) 
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Electricity tariff structure (EX) – The current residential consumer electricity tariff structure is adapted from an 
investment owned utility (Alliant Energy) that serves the region for which solar insolation data has been used. For the 
summer months (June-September), the current electricity tariff is 11.083 ¢/kWh. For the winter months (October-
May), the tariff is based on a declining block rate structure, where the electricity rate decreases as consumption 
increases. Current tariffs are 9.189, 6.712, and 2.532 ¢/kWh for less than 500 kWh, 500 through 1200 kWh, and more 
than 1200 kWh, respectively. Transmission service charge of 2.5 ¢/kWh has been added to this tariff structure, which 
is also evaluated based on net electricity consumption each month. The electricity growth rate distribution is based on 
the annual historical increase in the average residential electricity price in Iowa (1990 – 2016), using data obtained 
from the U.S. Energy Information Administration. Yearly rate of increase in electricity tariff was determined by 
randomly sampling values from the electricity growth rate distribution.   
 
The net metering policy was adapted from the same utility. The maximum size of the PV system in AC (Smax) that a 
consumer can net-meter in the ith year is given in (7), where Yi-1 is the consumer’s annual electricity consumption in 
the (i-1)th year, and Cl is the residential consumer load factor (equal to 0.19). To evaluate the DC capacity of the 
maximum PV system allowed for net metering, a DC: AC ratio equal to 1.1 has been assumed in this model. The value 
of Smax is revised each year for consumers based on consumption in the previous year. As seen in (8), the consumer 
electricity bill is net metered (Nk) in each month k by subtracting electricity generated by the PV system (Esk) from the 
total electricity consumed (Euk).  
𝑆𝑚𝑎𝑥 =
𝑌𝑖−𝑖
8760𝐶𝑙
 
(7) 
𝑁𝑘 = 𝐸𝑢𝑘 − 𝐸𝑠𝑘 (8) 
Consumer’s electricity bill in each month is evaluated based on net-metered value (Nk) for that month and the tariff 
structure as defined above. If the value of Esk in a given month is greater than Euk (i.e., the net metered value is 
negative), the consumer will be credited with an amount for the net metered value (Nk) as per the tariff structure. In 
any of the above cases, if the PV system is sized over Smax, the consumer will be paid for energy generated from the 
additional system size as per the current Cogeneration and Small Power Production (CSPP) rate (commonly referred 
to as the avoided cost). The utility’s current CSPP rate is 6.330 ¢/kWh. 
 
Current net metering policies could change since utility companies’ revenues decline as more consumers adopt rooftop 
PV. For example, Indiana Regulatory Public Commission is considering ending the current net metering policy for its 
energy consumers who have installed solar systems and employ a “buy-all, sell-all” option by 2027. Existing 
consumers already having PV system interconnected before the policy change takes into effect, will not be 
grandfathered as well [8]. In the “buy-all, sell-all” option, consumers will be charged for their consumption as per the 
current electricity rate structure of the utility and will be paid for the electricity generated by their PV systems at the 
much lower avoided cost value. The model in this paper assumes that if net metering restructuring happens, a “buy-
all, sell-all” model will be adopted by the utility company, where the avoided cost is assumed to be the current CSPP 
rate of the utility company (6.330 ¢/kWh). 
 
Solar PV module efficiency (EX) – The initial 18% efficiency (r) of the PV modules is assumed to decrease based on 
system level degradation rates. A lognormal distribution with mean and median values equal to 1.4% and 1%, 
respectively, is used for the yearly degradation rate [4]. The life of the panels has been assumed to be 25 years. 
 
System maintenance (EX) – Maintenance costs are dominated by repairing or replacing the inverters, which account 
for approximately 70% of the maintenance issues in residential PV systems [9]. Therefore, in this model, only 
uncertainty related to inverter maintenance is considered. The failure rate is assumed to follow an exponential 
distribution (derived from [10]), with 𝜆 equal to once in 10 years. The inverter standard warranty is assumed to be 12 
years, during which the manufacturer will replace a failed inverter. The replaced inverter follows the same failure rate 
distribution. It is assumed that a maximum of three inverter failures will occur during the 25-year system lifespan. If 
inverter failure occurs after 12 years, the replacement cost for the consumer is based on the kW rating of the inverter. 
The replacement cost is assumed to be $1200, $1400, or $1600 for inverter ratings less than or equal to 4 kW, between 
4 and 7.4 kW, or greater than 7.4 kW, respectively. Extended warranty options for 20-25 years are normally provided 
by inverter manufacturers for an additional up-front cost at the time of buying the inverter. If a consumer purchases 
the extended warranty, the manufacturer is responsible for any failure during the warranty life of the inverter. Extended 
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warranty costs for inverters rated up to 4 kW, between 4 and 7.4 kW, and above 7.4 kW are assumed to be $389, $493, 
and $745, respectively, with total coverage period of 25 years.   
 
Re-roofing (EX) – Shingles, the most common roofing type in Iowa, have a typical lifespan and warranty coverage of 
20 years. The probability of re-roofing affects the investment return because of costs related to removing and 
reinstalling the panels. It is assumed that, after 20 years of life of the roof, the probability of re-roofing increases by 
5% annually. For example, if a new roof is completed 3 years before installation of the panels, the probability of re-
roofing will be 0.05 after 17 years and will increase linearly during the life of the PV system. If a consumer replaces 
the roof at any given time within the lifetime of PV system, it will cost $2,000 to remove and reinstall the PV system.  
 
Moving residence (EN) – Residential energy consumers may be hesitant to invest in rooftop PV due to the possibility 
of moving residences in the future and the uncertainty around resale value of the house due to PV system installation. 
An empirical study has shown that older people are more likely to adopt rooftop PV, as they are closer to retirement 
and tend to stay in their existing homes [11]. This model assumes that if the consumer decides to move residence, and 
the net metering policy has not been restructured, then the consumer will be able to resell the PV system at the 
depreciated cost (i.e. the home value will increase per the depreciated cost of the PV system). However, if the 
restructuring happens before the consumer decides to move, then the resale value of the PV system is assumed to be 
the then present value of the cost of energy the PV system will generate in its remaining life, given the uncertainties 
in PV module efficiency and solar insolation. In either of these two cases, if the consumer purchases extended inverter 
warranty at the time of installing the system and moves within 12 years, the extended warranty cost will be added to 
the resale value of the system. However, if the consumer moves after 12 years, the extended warranty cost will be 
added to the system’s resale value on a pro-rata basis (additional up-front cost for the extended warranty will 
depreciate uniformly over the period of 13 years, after the expiry of the standard warranty).  
 
Future electricity consumption (EN) – The consumer’s future electricity consumption will affect net rooftop PV 
investment return, especially in the scenario when the utility tariff structures are tiered based on consumption. In this 
model, various cases of increased and decreased electricity consumption of a residential consumer are considered to 
analyze the sensitivity of future electricity consumption on the net investment return. 
 
3. Experimentation and Results 
The NPV of residential rooftop PV system is evaluated by subtracting the sum of total up-front cost paid by a consumer 
to buy PV system, and the present values of property tax due to PV installation, maintenance cost, and re-roofing cost, 
from the sum of present values of the selling price of the PV system (if consumer moves residence) and monthly bill 
savings after installing the PV system. For calculating the up-front cost, installation cost of $3500 per kW (DC) of 
system, and federal and state income tax credit of 30% and 15%, respectively, per the current policy have been 
assumed. Property tax on the PV system is assumed to be exempt for the first 5 years of installation as per the current 
policy of Iowa Department of Revenue. Thereafter, the annual property tax of 1.45% on the depreciated cost (assumed 
uniform depreciation over 25 years) of the PV system is assessed until the time the consumer moves residence. The 
initial annual consumption for a consumer is assumed to be 12,000 kWh, equally distributed among 12 months. The 
discount rate for evaluating NPV is assumed to be 5%, and it has been assumed that the consumer will install a new 
roof at the time of the installation of the PV system. The results are based on 10,000 iterations for each experiment. 
 
The first results assume the residential consumer will not move from the residence, consumer electricity consumption 
will be constant over time, and the consumer will be allowed to grandfather the current net metering policy during the 
rooftop PV system’s life. Figure 1 shows the box plot of the simulated NPV results for the different PV system sizes 
(kW DC) with standard and extended inverter warranties. A system size of 8 kW yields the greatest expected NPV for 
both extended (expected NPV = $1961) and standard (expected NPV = $1956) inverter warranty situations. Figure 2 
shows the CDF of the expected NPV for the 8 kW system in both the cases. There is 93% probability that the consumer 
will have positive NPV if he/she invests in the PV system and purchases an extended warranty. However, if the 
extended warranty is not bought, this probability reduces to 87%. Thus, the extended warranty provides consumer 
more certainty for a positive NPV and the NPV is less variable with the extended warranty situation. 
 
The effect of uncertainties from various exogenous and endogenous factors on the NPV have been evaluated by 
varying only one factor at a time. The effect of the consumer’s electricity consumption on NPV was studied assuming 
that the consumer opted for extended inverter warranty. Two cases were considered: increasing electricity 
consumption by 2% annually and decreasing electricity consumption by 2% annually. This implies an increase and 
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decrease in consumption by approximately 60% and 40% respectively at the end of 25 years. Figure 3 shows the box 
plot of NPV for various PV system size for the two cases considered. If the consumption increases, the consumer 
should invest in a 9 kW system (expected NPV = $1364). If the consumption decreases, the consumer should invest 
in a 6 kW system (expected NPV = $1268). In both the cases, the expected NPV is less than when the consumer 
electricity consumption remains constant. 
 
The effect of moving residence in the future on the net investment return was studied. Three scenarios (Scenario 1 - 
3) were considered wherein the consumer could move residence after 5, 10 or 15 years after installing the PV system. 
In all the three scenarios, it was assumed that the consumer invests in an 8 kW system, opts for extended inverter 
warranty, and the electricity consumption remains constant throughout the life of the PV system. As the likelihood of 
moving residence increases, expected NPV of the system decreases. This is intuitive, as the rooftop owner is not able 
to derive the complete benefit of savings from the PV system installation because he/she moves before the end of PV 
system’s life. The expected NPV in Scenario 1-2 is positive only if the probability of moving residence is less than 
8.5% and 18.5%, respectively. However, NPV for Scenario 3 is positive irrespective of the moving probability. Figure 
4 shows the CDF of the expected NPV for the three scenarios considering the threshold probabilities of moving 
residence for Scenario 1 and 2 (i.e. 8.5% and 18.5%, respectively). For Scenario 3, it has been assumed that the 
consumer will move residence after 15 years of the installation of PV system.   
 
   
Figure 1: NPV for various rooftop PV capacities Figure 2: CDF of expected NPV for system size of 8 kW 
 
   
Figure 3: NPV for various rooftop PV capacities if 
consumer’s electricity consumption varies in future 
Figure 4: CDF of expected NPV for Scenario 1-3 
 
 
The previous simulations assumed that if restructuring of the current net metering policy occurs, the consumer would 
be grandfathered in and will continue to benefit from the old net metering policy. However, the consumer may not be 
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always grandfathered with the current policy if restructuring occurs. Three scenarios were considered (Scenario 4 – 
6) such that the net metering restructuring occurs after 5 years, and the consumer is allowed to grandfather for 5, 10, 
or 15 years (from the date of restructuring), respectively. After the grandfathering period, the consumer will be 
transferred to the “buy-all, sell-all” option. Figure 5 shows distribution of the expected NPV for each of the scenarios. 
In Scenario 4 and 5, the expected NPV of the investment is negative. However, the expected NPV is positive ($215), 
if the consumer is grandfathered for 15 years (i.e. Scenario 6), with 53% probability of NPV being positive.  
 
 
Figure 5: CDF of expected NPV for Scenario 4-6 
 
4. Conclusion 
This paper describes a Monte Carlo framework to evaluate rooftop PV investment uncertainty for residential energy 
consumers. Effects on investment return due to uncertainties arising from several exogenous and endogenous factors 
were studied. Future work includes studying the collective effect of various uncertainties at the same time on rooftop 
PV investment return. Further, the current model can be extended to study the uncertainties in investment return of 
other economic models of rooftop PV, such as leasing or third party PPA.  
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